The skin is armored with "dead cells", the stratum corneum, and is continuously exposed to external stressful environments, such as atmospheric oxygen, solar radiations, and thermal and chemical insults. Melanocytes of neural crest origin are located in the skin, eye, inner ear, and leptomeninges. Melanin pigment in the skin is produced by melanocytes under the influence of various endogenous factors, derived from neighboring keratinocytes and underlying fibroblasts. The differentiation and functions of melanocytes are regulated at multiple processes, including transcription, RNA editing, melanin synthesis, and the transport of melanosomes to keratinocytes. Impairment at each step causes the pigmentary disorders in humans, with the historical example of oculocutaneous albinism. Moreover, heterozygous mutations in the gene coding for microphthalmia-associated transcription factor, a key regulator for melanocyte development, are associated with Waardenburg syndrome type 2, an auditory-pigmentary disorder. Sun tanning, melasma, aging spots (lentigo senilis), hair graying, and melanoma are well-known melanocyte-related pathologies. Melanocytes therefore have attracted much attention of many ladies, makeup artists and molecular biologists. More recently, we have shown that lipocalin-type prostaglandin D synthase (L-PGDS) is expressed in melanocytes but not in other skin cell types. L-PGDS generates prostaglandin D 2 and also functions as an inter-cellular carrier protein for lipophilic ligands, such as bilirubin and thyroid hormones. Thus, melanocytes may exert hitherto unknown functions through L-PGDS and prostaglandin D 2 . Here we update the neuroendocrine functions of melanocytes and discuss the possible involvement of melanocytes in the control of the central chemosensor that generates respiratory rhythm.
and the retinal pigment epithelium (RPE) derived from the optic cup of the brain (Bharti et al. 2006) . Melanoblasts, precursor cells to melanocytes, migrate throughout the dermis during fetal development to the skin and hair bulbs, the choroid of the eye, the inner ear, and the leptomeninges. The color of hair, skin, and eyes mainly depends on the quantity, quality, and distribution of the pigment melanin. Epidermal pigmentation or the function of melanocytes is influenced by various factors, derived from keratinocytes (Hirobe 2004) , dermal fibroblasts (Yamaguchi et al. 2004) , and/or other cells, including basic fibroblast growth factor, endothelins, hepatocyte growth factor, stem cell factor (c-Kit ligand), and Wnt (Imokawa 2004; Slominski et al. 2004; Kurita et al. 2005; Pla et al. 2005) . However, because of the scope of this review article, we do not discuss these molecules; instead, we focus on the stratum corneum (Slominski et al. 2004) . Melanocytes have dendritic processes that stretch out among keratinocytes. It has been known that a single melanocyte interacts with about 36 viable keratinocytes. Melanin is produced within membrane-bound organelles (melanosomes), which are transferred through the dendrites to neighboring keratinocytes (Hearing 2005) . Moreover, Stücker et al. (2002) have shown that the transcutaneous transport of atmospheric oxygen is responsible for the oxygen supply to the upper layer of the human skin (0.25~0.40 mm), including the epidermis and an upper portion of dermis under physiological conditions. Thus, epidermal melanocytes may function to maintain the skin homeostasis under hypoxic conditions.
There are two types of pigment cells that produce melanin in mammals: the differentiated melanocytes that originate from the neural crest dendritic processes that stretch out among keratinocytes. Melanin is produced within melanosomes (closed symbols), which are transferred to the dendrites and eventually phagocytized by the keratinocytes. Keratinocytes lose their nuclei (open ovals) during migration to the skin surface, forming the stratum corneum. Each of the indicated molecules with an arrow is secreted from the melanocyte (see relevant text). The human epidermis depends on the transcutaneous transport of atmospheric oxygen and thus functions under hypoxic environments (Stücker et al. 2002) . The heme degradation products, bilirubin, iron and carbon monoxide (CO), are also shown (boxed), with respect to L-PGDS ( Fig. 10 ), although they are produced and secreted from all nucleated cells, including keratinocytes. Note that various growth factors and cytokines, such as interleukins and transforming growth factors, are not included in this review article.
the factors produced by melanocytes. Recently, we have identified lipocalin-type prostaglandin D synthase (L-PGDS) as a hitherto unknown melanocyte marker (Takeda et al. 2006 ). L-PGDS (EC 5.3.99.2) is an enzyme that catalyzes the isomerization of prostaglandin (PG) H 2 to generate PGD 2 (Urade et al. 1985; Urade and Hayaishi 2000) . L-PGDS also functions as a lipophilic ligand-binding protein in the extracellular space, and the ligands include bilirubin, biliverdin, thyroid hormones, and retinoic acid (Beuckmann et al. 1999 ).
Here we summarize the classic views of melanin synthesis and the recent progresses concerning the neuroendocrine functions of melanocytes. In this article, we focus on epidermal melanocytes rather than follicular melanocytes localized in hair follicles. Accordingly, we do not discuss the hair cycle-coupled functions of melanocytes and the melanocyte stem cells in the hair follicles (Nishimura et al. 2002 (Nishimura et al. , 2005 . The hot topics on follicular melanocytes have been discussed in the recent review articles (Motohashi et al. 2006; Nordlund et al. 2006) .
Melanin production as a stress response
The pigment melanin is found in all living kingdoms and in many different structures. The proposed roles of melanin include camouflage, sexual display, sunscreen, energy transducer, and radical scavenger (Hill 1992) . Melanin also binds drugs, which is either beneficial or deleterious. Melanin production is related to the stress response, as evident from san tanning in humans and the ink screen of Sepia melanin jetted by the cuttlefish. In fact, α -melanocyte-stimulating hormone (α -MSH), a well-known stimulator for melanogenesis, is generated from the precursor pro-hormone, pro-opiomelanocortin (Slominski et al. 2004) . Pro-opiomelanocortin also gives rise to adrenocorticotropic hormone (ACTH), an essential component of the hypothalamus-pituitaryadrenal axis. α -MSH and ACTH are well documented to regulate human skin pigmentation via action at the melanocortin-1 receptor (AbdelMalek et al. 1995; Chakraborty et al. 1996; Slominski et al. 2004) . Moreover, plants produce melanin by the "polyphenol oxidase activity" if they feel sad; namely, some fruits and vegetables, with a famous example of apples, turn brown or black when wounded.
Short history of the tyrosinase family
Epidermal and follicular melanocytes produce two chemically distinct types of melanin pigments, the black to brown eumelanin and the yellow to reddish pheomelanin (Fig. 2) . Tyrosinase (EC 1.14.18.1) is the rate-limiting enzyme in melanin biosynthesis and has been considered to catalyze the direct hydroxylation of tyrosine to L-3,4-dihydroxyphenylalanine (DOPA) (Raper 1926) . However, recent evidence suggests that DOPA is indirectly generated from dopaquinone, a highly reactive intermediate (Cooksey et al. 1997; Riley 1999) . Dopaquinone is also cyclized to form dopachrome, which is decarboxylated to 5,6-dihydroxyindole (DHI) or tautomerized to 5,6-dihydroxyindole-2-carboxylic acid (DHICA) . DHI and DHICA are subsequently oxidized to form eumelanin, a dark brown to black pigment. On the other hand, in the presence of thiols, such as cysteine, dopaquinone binds to cysteine to form 5-S-cysteinyldopa and 2-S-cysteinyldopa . The oxidation of cysteinyldopa isomers in melanocytes leads to the production of pheomelanin, a yellow to reddish melanin.
Because of the essential role of tyrosinase for melanin biosynthesis, many investigators have attempted to purify and characterize mammalian tyrosinase. The first pigment cell-specific gene was isolated by differential hybridization from B16 mouse melanoma cells and was initially proposed to encode tyrosinase (Shibahara et al. 1986 ). Unfortunately, the reported cDNA does not code for tyrosinase, but does encode another enzyme, now known as tyrosinase-related protein 1 (TRP-1) (Jackson, 1988; Cohen et al. 1990; Shibahara et al. 1991; Tomita et al. 1991) . Subsequently, the authentic tyrosinase cDNA was cloned (Kwon et al. 1987; Yamamoto et al. 1987; Shibahara et al. 1988; Takeda et al. 1989) , which led us to clarify the molecular basis of oculocutaneous albinism Shibahara et al. 1990; Takeda et al. 1990 ). Since then, many genes related to pigmentation have been cloned, including tyrosinase-related protein-2 (TRP-2) Tsukamoto et al. 1992) . TRP-1 catalyzes the conversion of DHICA to indole-quinone-carboxylic acid Kobayashi et al. 1994) . TRP-2 possesses the activity of DOPAchrome tautomerase (EC 5.3.2.3), catalyzing the conversion of DOPAchrome to DHICA (Pawelek 1991; Kroumpouzos et al. 1994; Yokoyama et al. 1994a) . TRP-2 is now known as DOPAchrome tautomerase (DCT). Both TRP-1 and DCT/TRP-2 are the enzymes that determine the quality of melanin. There is about 40% amino acid identity among tyrosinase, TRP-1, and DCT/TRP-2, all of which constitute the tyrosinase gene family. As expected, the tyrosinase family members are mainly expressed in melanocytes and RPE. Moreover, the promoter regions of the human tyrosinase and DCT genes, except for TRP-1 gene, are able to direct the efficient expression of a reporter gene in melanocyte-lineage cells (Shibata et al. 1992a, b; Yokoyama et al. 1994b ).
Secretion of DOPA and melanin-related metabolites from melanocytes
Melanocytes and melanoma cells actively secrete DOPA and various melanin-related metabolites, such as 5-S-cysteinyldopa, into the blood, some of which are eventually excreted into urine (Agrup et al. 1979; Wakamatsu and Ito 1995; Wakamatsu et al. 2002 . Moreover, the urinary levels of eumelanin metabolites vary in humans depending on seasons, with the highest level in July and the lowest level in December . These facts indicate that melanocytes actively secrete DOPA and other melanin-related metabolites in humans (Fig. 1) .
It should be noted that DOPA is a precursor to dopamine, a key molecule in catecholamine biosynthesis (Fig. 3) . DOPA is also synthesized from tyrosine by the action of tyrosine hydroxylase that is an essential enzyme for catecholamine biosynthesis in the brain and peripheral cells that normally produce catecholamines (Kobayashi et al. 1995) . In fact, the homozygous mutant mice lacking tyrosine hydroxylase died at a late stage of embryonic development or shortly after birth (Kobayashi et al. 1995) . However, tyrosine hydroxylase-deficiency newborns, obtained by caesarean section, contained the dopamine levels in heads and bodies at 37.5% and 7.7% of the levels of the wild-type newborns, respectively (Kobayashi et al. 1995) , indicating the presence of an alternative mechanism for production of dopamine. Using tyrosine hydroxylase-null albino and pigmented mice, Rios et al. (1999) have shown that tyrosinase contributes to the maintenance of catecholamine production. Subsequently, it has been shown that tyrosinase in epidermal melanocytes is responsible for the production of peripheral dopamine in the young pigmented mice of 15 days old (Eisenhofer et al. 2003) . These studies in mice indicate that tyrosinase serves as an alternative mechanism for catecholamine production by providing DOPA.
Melanin in the brain: What is neuromelanin?
Neuromelanin, another type of melanins, is formed from the oxidation products of dopamine and cysteinyldopamine ; thus, neuomelanin is chemically different from eumelanin and pheomelanin (Fig. 3) . Neuromelanin is localized in dopaminergic neurons of the substantia nigra and the locus coeruleus, and accumulates in the human substantia nigra with age (Zecca et al. 2002) . The functions of neuromelanin are not fully understood, but have been considered to be involved in the protection against metals, such as iron (Zucca et al. 2004) . The iron level is strictly regulated within the cell (Taketani 2005) , because iron may facilitate the formation of hydroxyl radicals. On the other hand, the selective loss of dopaminergic neurons containing neuromelanin is associated with Parkinson's disease (Mann and Yates 1983; Marsden 1983 ). The oxidized metabolites of dopamine, dopaminequinone derivatives, have been considered to contribute to the degeneration of dopaminergic neurons. It should be noted that albino subjects manifest no neurological abnor- mality, except for the retinal abnormality mainly due to the impaired extension of the optic nerve fibers.
MITF as a key regulator of melanocyte differentiation
Microphthalmia-associated transcription factor (Mitf), encoded by the microphthalmia (mi) locus, was discovered through independent transgenic insertions, which disrupted the mi locus on mouse chromosome 6 (Tachibana et al. 1992; Hodgkinson et al. 1993; Hughes et al. 1993; Krakowsky et al. 1993) . One of such mutant mice, VGA-9 on the C57BL/6 background, carries the transgene probably in the promoter region of the Mitf gene and shows white-coat color, deafness, and impaired eye formation, known as microphthalmia (Tachibana et al. 1992; Hodgkinson et al. 1993) (Fig. 4) . Mitf contains a basic helix-loop-helix and a leucine-zipper (bHLH-LZ) structure, which is required for DNA binding and dimerization (Hemesath et al. 1994) . The mutations of MITF gene, the human homolog of the Mitf gene, were found in the individuals affected with Waardenburg syndromes type 2, an autosomal dominant disorder of sensorineural hearing loss and pigmentary disturbances (Tassabehji et al. 1994; Nobukuni et al. 1996; Fig. 4 . Structural organization of the MITF gene that encodes multiple isoforms.
Shown at top are C57BL/6 wild-type and VGA-9 homozygous mice (left panels) and C3H/He wildtype and Mitf mi-bw mice (right panels). The direction of transcription of the MITF gene is from left to right, as indicated by arrows. Open boxes and closed boxes indicate the 5′-and 3′-untranslated exons and the protein-coding exons, respectively. Downward arrows show the predicted position of the transgene insertion in the VGA-9 mouse (red bar) and the equivalent position of the L1 insertion (brown bar) in the Mitf mi-bw mouse. Also shown are the schematic representation of MITF-M and other isoforms, including MITF-A, MITF-D and MITF-H. All MITF isoforms differ at their N-termini but share the entire carboxyl-portion, encoded by the common exons 2 to 9. The aminoterminal regions of MITF-A (stippled) and MITF-H (open) are encoded by exon 1A and exon 1H, respectively. The 3′-portion of exon 1B, coding for domain B1b, is used as a second exon for generation of MITF-A, MITF-D, and MITF-H mRNAs. The transcriptional activation domain (A) (Sato et al. 1997) , the bHLH-LZ structure, and the threonine-rich activation domain (Thr) (Takeda et al. 2000a) , and serine-rich region (Ser) are indicated. Takeda et al. 2000a ). The initially identified Mitf, now known as melanocyte-specific Mitf (Mitf-M), consists of 419 amino acid residues and shares 94.4% identity with MITF-M (Tachibana et al. 1994) . In fact, Mitf-M/MITF-M efficiently transactivates the melanogenesis enzyme genes, such as tyrosinase and TRP-1 in cultured cells (Bentley et al. 1994; Yasumoto et al. 1994 Yasumoto et al. , 1997 .
The MITF gene consists of multiple promoters, consecutive first exons, and eight downstream exons (Udono et al. 2000) (Fig. 4) . The structural organization of the mouse Mitf gene is similar to that of the MITF gene (Hallsson et al. 2000) . Each of the first exons, such as exons 1A, 1H, and 1M, encodes a unique N-terminal region of a given isoform, while the downstream exons are common to all isoforms. MITF-A and MITF-H share the common region of 83 amino acid residues (domain B1b), encoded by a 3′-portion of exon 1B. The N-terminus of MITF-M, domain M, consists of 11 amino acid residues, and is encoded by the melanocyte-specific exon 1 (exon 1M) (Fuse et al. 1996) . MITF consists of many isoforms with distinct amino-termini, such as MTF-M, MITF-A, MITF-B, MITF-C, MITF-D, MITF-E, MITF-J. MITF-H, and MITF-MC Yasumoto et al. 1994; Amae et al. 1998; Fuse et al. 1999; Udono et al. 2000; Oboki et al. 2002; Takeda et al. 2002; Takemoto et al. 2002; Hershey and Fisher 2005) . The phenotype of VGA-9 mice may reflect the consequence of the loss of all Mitf isoforms (Fig.  4) .
In normal human epidermal melanocytes, MITF-M mRNA and MITF-A mRNA represent about 80% and 18% of total MITF isoform mRNAs, respectively, as judged by the S1 nuclease mapping analysis . Multiple transcription factors and signals are responsible for the regulation of MITF-M promoter in melanocytes (Takeda et al. 2000b; Yasumoto et al. 2002) , which has been reviewed in excellent articles (Steingrímsson et al. 2004; Levy et al. 2006; Goding 2007 ).
Features of black-eyed white Mitf mice
A homozygous Mitf mutant mouse, blackeyed white Mitf mi-bw (bw) on the C3H/He background, is characterized by the complete white coat color, deafness, and normally pigmented RPE without any ocular abnormalities (Motohashi et al. 1994; Yajima et al. 1999 ). The RPE is a monolayer epithelium interposed between the vascular-rich choroid and the neural retina. The white coat color and deafness is due to the lack of skin and inner ear melanocytes (Fig. 5) . Likewise, melanocytes are undetectable in the choroid layer of the eye, but with the seemingly normal RPE (Yajima et al. 1999) . Thus, the bw mice provide a good model to search for the hitherto unknown functions of melanocytes.
The molecular basis of bw mice is the insertion of an L1 retrotransposable element in the intron 3 between exon 3 and exon 4 (Fig. 4) , which may result in the repression of Mitf-M mRNA expression in skin melanocytes (Yajima et al. 1999 ). However, other Mitf isoforms, such as Mitf-A and Mitf-H, are expressed in the bw mouse skin, RPE (Yajima et al. 1999 ) and testis (Saito et al. 2003a) . Thus, bw mice may mimic the phenotype of Mitf-M deficient mice. In this context, the MITF-M promoter represents the most downstream promoter of the MITF/Mitf gene (Tassabehji et al. 1994; Fuse et al. 1996; Hallsson et al. 2000; Udono et al. 2000) , and may be most susceptible to the transcriptional repression caused by the insertion of L1 element. The dosage-sensitive role of Mitf-M may account for the lack of skin and inner ear melanocytes in bw mice .
We have experienced the difficulty in obtaining a large number of bw mouse offspring (Yajima et al. 1999 ). There are no noticeable abnormalities in the testis, epididymis, and prostate, and in the numbers, shapes and motility of the sperm prepared from the epididymis of bw mice (Saito et al. 2003b ). In fact, we confirmed the normal morphology of their testes (Saito et al. 2003a ). Moreover, there was no significant difference in serum levels of testosterone, luteinizing hormone, and follicle-stimulating hormone in bw mice (Saito et al. 2003b ). We therefore hypothesized that bw mice may be susceptible to certain environmental factors that impair the neural networks that regulate reproduction or mating behavior
L-PGDS as a newly identified melanocyte marker
To identify the hitherto unknown melanocyte-specific genes, we compared mRNA expression profiles between wild type and bw mouse skin using cDNA microarrays. We thus identified L-PGDS, which is preferentially expressed in human epidermal melanocytes and mouse follicular melanocytes (Takeda et al. 2006 ). L-PGDS catalyzes the isomerization of PGH 2 to generate PGD 2 , a major PG produced in the central nervous system (Fig. 6 ). L-PGDS and its product PGD 2 are involved in varieties of physiological actions, such as the regulation of sleep and pain responses (Eguchi et al. 1999; Urade and Hayaishi 2000) . L-PGDS is a member of the lipocalin gene family (Nagata et al. 1991) and also functions as a transporter for hydrophobic molecules in the extracellular space, including biliverdin, bilirubin, thyroid hormones, and retinoic acid (Beuckmann et al. 1999 ). Indeed, L-PGDS is secreted into cerebrospinal fluid, seminal plasma and plasma (Eguchi et al. 1997; Urade and Hayaishi 2000) ; L-PGDS is the second most abundant protein in the cerebrospinal fluid after albumin. We have Fig. 6 . Biosynthesis of prostanoids. Cyclooxygenase catalyzes the conversion of arachidonic acid to prostaglandin H 2 (PGH 2 ). PGH 2 is converted by isomerases to prostaglandins and thromboxane (TXA 2 ). PGD 2 is spontaneously dehydrated to generate 15-deoxy-Δ 12,14 -PGJ 2 (15d-PGJ 2 ). Note that cyclooxygenase is a heme-containing enzyme. Modified from the original figure provided by Dr. Yoshihiro Urade, Osaka Bioscience Institute. also identified major urinary proteins, which belong to the lipocalin family of secretory proteins, as potential melanocyte markers (Takeda et al. 2006 ). Thus, melanocytes may actively secrete various proteins of the lipocalin family, thereby modulating the signals mediated by lipophilic ligands in the skin, such as bilirubin and retinoic acid (Beuckmann et al. 1999) . L-PGDS is also expressed in RPE (Beuckmann et al. 1996 : Takeda et al. 2006 ). Moreover, we have shown that MITF-M is involved in the melanocyte lineage-specific transcription of the L-PGDS gene (Fig. 6) . Informative reviews on the properties of L-PGDS have been published Herlong and Scott 2006) .
Mitf regulates the production of PGD 2 in the skin
There is another PGDS, termed hematopoietic PGDS (H-PGDS), which is responsible for the biosynthesis of PGD 2 in immune and inflammatory cells, such as antigen-presenting cells (Urade et al. , 1989 (Fig. 7) . H-PGDS is distinct from L-PGDS in the gene structure, tertiary structure, catalytic properties and tissue distribution (Urade and Hayaishi 2002) . In the rat skin, H-PGDS is expressed in Langerhans cells (Ujihara et al. 1988) , macrophages (Ujihara et al. 1988 ), mast cells (Urade et al. 1990; Murakami et al. 1995) , and dendritic cells (Urade et al. 1989) . H-PGDS is also expressed in human helper T cells, Th2 (Tanaka et al. 2000) . Likewise, human Langerhans cells and keratinocytes produced PGD 2 (Rosenbach et al. 1990) . RT-PCR analysis has shown that H-PGDS mRNA is expressed in the skin of wild type and bw mice (Takeda et al. 2006) . In contrast, L-PGDS expression is undetectable in mast cells and dendritic cells of the mouse skin, as judged by immunohisochemistry (Takeda et al. 2006 ). These results indicate that various cell types in the skin produce PGD 2 , although L-PGDS and H-PGDS appear to be expressed in separate cell types. Such an intercellular network in the skin maintains the production of PGD 2 , which may account for the fact that C57BL/6 mice lacking L-PGDS do not exhibit pigmentary abnormality (Eguchi et al. 1999 ).
Interestingly, Mitf regulates transcription of the L-PGDS gene in melanocytes (Takeda et al. 2006 ) and H-PGDS in mast cells (Morii and Oboki 2004) (Fig. 8) . Mitf-M is exclusively expressed in melanocytes, while mast cells mainly express Mitf-e and Mitf-mc (Oboki et al. 2002;  (Shahlaee et al. 2007 ). Secreted L-PGDS could bind lipophilic ligands, such as bilirubin and retinoic acid (Beuckmann et al. 1999 ). Takemoto et al. 2002; Shahlaee et al. 2007 ). Therefore, Mitf plays an important role in the biosynthesis of PGD 2 from melanocytes and other skin cells.
Sound melanocytes are required for sound sensing
Melanocytes are also present as intermediate cells in the stria vascularis of the mammalian chochlea (Tachibana 1999) . Strial intermediate cells express ionic channels, such as inwardly rectifying K + channels and voltage-dependent outwardly rectifying K + channels, which are essential for normal hearing. In fact, hearing impairment is associated with various types of pigmentary disorders, as seen in subjects with Waardenburg syndrome and bw mice. Waardenburg syndrome is associated with the reduced expression levels (haploinsufficiency) of one of several transcription factors, including MITF, in developing inner ear. In bw mice, the stria vascularis lacks intermediate cells, which results in impaired development of the cochlea (Motohashi et al. 1994) . In this context, we have shown that Mitf mRNA is expressed in the migrating melanoblasts of developing mouse embryos and the postnatal intermediate cells of the stria vascularis . Thus, the differentiation of intermediate cells (melanocytes) in the stria vascularis is essential for the sensory function of the cochlea and ensured by the collaboration of multiple transcription factors (Yokoyama et al. 2006a, b) . However, it should be noted that melanin is not essential for normal hearing function.
Melanin in the inner ear melanocytes binds drugs, such as cisplatin and aminoglycosides, which may be deleterious to the sensory function of the cochlea. In fact, it has been reported that calpain, a calcium-dependent protease, may be responsible for apoptosis of inner ear hair cells induced by neomycin, an aminoglycoside, in cultured cochlea explants prepared from C57BL/6 mice of postnatal 6 days (Momiyama et al. 2006) . Inner ear hair cells play an essential role in the auditory pathway that converts sound stimulation into electrical signals and then into a neural code. In the adult rat cochleas, the L-PGDS immunoreactivity was found in inner and outer hair cells, their supporting cells (Claudius' cells and Deiters' cells), marginal cells, basal cells, and cells of Reissner's membrane (Tachibana et al. 1987 ). However, it remains to be investigated whether L-PGDS is expressed in intermediate cells.
L-PGDS as a potential tumor suppressor of human melanoma
L-PGDS mRNA is expressed in B16 mouse melanoma cells but not in human melanoma cell lines examined (Takeda et al. 2006) . In this context, PGD 2 has been shown to be a potent inhibitor of the growth of human melanoma cells, compared to the inhibitory effect on murine melanoma cells (Bregman and Meyskens 1983; Bhuyan et al. 1986 ). In fact, the expression of L-PGDS protein in B16 melanoma cells is consistent with the study by Fitzpatrick and Stringfellow (1979) that B16 melanoma cells produce PGD 2 . Furthermore, the loss of L-PGDS expression has been reported in human prostate cancer cells (Kim et al. 2005) . It is therefore conceivable that the loss of L-PGDS expression may be related to the progression of melanoma in humans; for instance, the loss of L-PGDS expression may lead to the escape from the immune surveillance by the host (Riley 2004) . In this context, the expression of L-PGDS may be important for the maintenance of the scattered distribution of melanocytes in the human epidermis. The molecular basis for the presence of L-PGDS expression in human melanocytes or its loss in human melanoma cells may contribute to the development of a new therapeutic strategy against pathological pigmentation or melanoma.
Altered ventilatory responses in bw mice lacking melanocytes Overview of the central chemosensing
The appropriate ventilatory responses to hypoxia and hypercapnia are essential for survival (Fig. 9) . Indeed, the total transcutaneous oxygen uptake represents only 0.4% of the pulmonary oxygen uptake in healthy subjects at rest (Stücker et al. 2002) . Various biochemical processes in the brain are responsible for generation of respiratory rhythm and respiratory pattern (Burton and Kazemi 2000) . Hypoxia stimulates the peripheral chemoreceptors to increase ventilation (Lugliani et al. 1971) , while CO 2 sensing depends mainly on chemoreceptors in the brainstem (Burton et al. 1997; Burton and Kazemi 2000) . Glomus cells in the carotid body are of neural crest-origin and serve as a principal peripheral chemoreceptor (Hansen 1978) . Likewise, the central respiratory controller, which regulates autonomic ventilation, is derived at least in part from the neural crest, because some cases of congenital central hypoventilation syndrome are associated with mutations of the gene coding for the receptor tyrosine kinase REarranged during Transfection (RET) (Amiel et al. 1998; Sakai et al. 1998; Kanai et al. 2002) . Congenital central hypoventilation syndrome is defined as the failure of automatic control of breathing, and is characterized by the marginal ventilatory sensitivity to hypoxia and hypercapnia during sleep (Amiel et al. 1998; Sakai et al. 1998; Kanai et al. 2002) . In fact, chemical control of respiration, in response to both hypercapnia and hypoxia, tend to be blunted during sleep (Fig. 9) .
Altered functions of the central chemosensors may be involved in the pathophysiology of various diseases, including bronchial asthma Yamauchi 2006) , chronic obstructive pulmonary disease (Takemura et al. 2005 ), Parkinson's disease (Onodera et al. 2000) , and protozoan infection, such as sleeping sickness (African trypanosomiasis) caused by Trypanosoma brucei (Pentreath et al. 1990; Kubata et al. 2000) and cerebral malaria caused by Plasmodium falciparum (Turner 1997; Takeda et al. 2005) . For example, patients with Parkinson's disease showed blunted ventilatory responses to hypoxia Central O 2 sensor is also shown (a small red oval). Heme oxygenase-2 (HO-2) may be involved in oxygen sensing (Adachi et al. 2004) . NTS is an essential center for augmentation of ventilation during hypoxia and hypercapnia (Burton and Kazemi 2000) . Hypercapnea stimulates ventilation through the central chemoreceptor (CO 2 sensor) in the ventrolaletral medullary area (three circles). Melanocytes, which are located in the skin and/or leptomeninges, secrete a certain factor, which may influence the function of the NTS or the superior control center.
but normal ventilatory responses to hypercapnia (Onodera et al. 2000) , which is similar to the altered ventilatory responses seen in heme oxygenase-2-deficient mice (Adachi et al. 2004) . It is therefore conceivable that heme oxygenase-2, an essential enzyme in heme catabolism, may be involved in the survival of the dopaminergic neurons in the substantia nigra.
Slow and deep breathing patterns in bw mice under room air
The inbred mice showed the remarkable variability in the basal respiration patterns and the immediate ventilatory responses to hypoxia and hypercapnia (Tankersley et al. 1994) . We therefore analyzed the ventilation of the bw mice on the C3H/He background (Takeda et al. 2007 ) and the nine inbred mouse strains: A/J, AKR/N, BALB/c, C3H/He, C57BL, DBA/2, NZW, SWR/J, and 129Sv (Adachi et al. 2006 ). We measured breathing frequency, tidal volume and minute ventilation of unanesthetized and unrestrained mice by whole body plethysmography (Mizusawa et al. 1994; Ogawa et al. 1995; Adachi et al. 2004) . Surprisingly, the bw mice showed the lower breathing frequency and the larger tidal volume than the wild-type mice (C3H/He) during air breathing (Table 1) (Takeda et al. 2007 ). Accordingly, bw mice maintain the overall ventilation (minute ventilation), which is similar to that of wild-type mice. Moreover, bw mice show the lowest breathing frequency and the largest tidal volume during air breathing, compared with other eight mouse strains analyzed by the same method (Table 1) . Among these mouse strains, five strains are albino, A/J, AKR/N, BALB/c, NZW, and SWR/J. However, the albino phenotype, a loss of tyrosinase activity , is unlikely to cause the variability in breathing patterns. It should be noted that bw mice present normal red blood cell counts and hematocrit values, indicating the absence of anemia and polycythemia (Takeda et al. 2007 ).
Augmented hypoxic and hypercapnic ventilatory responses in bw mice
To assess the functions of the chemoreceptors in the carotid body and the brainstem, respec- Values are means ± S.E. Respiratory parameters measured are minute ventilation (VE), breathing frequency (f), and tidal volume (VT). The parameters for bw mice on the C3H/He background, shown bold, indicate the significant difference ( p < 0.05) compared to the wild-type C3H/He mice. Note that melanocytes are present in albino mice. Significant inter-strain variability ( p < 0.05) is indicated by * or † , representing strains with relatively high or low values, respectively. (The data are taken from Adachi et al. [2006] and Takeda et al. [2007] ). tively, we measured the hypoxic and hypercapnic ventilatory responses in bw mice. The bw mice and age-matched control mice of each of the nine strains were exposed to 10% O 2 in N 2 gas or 10% CO 2 in hyperoxic gas to determine the acute ventilatory responses to chemical stimuli (Mizusawa et al. 1994; Ogawa et al. 1995; Adachi et al. 2004) . Hypoxic ventilatory responses differed among the nine strains; the order of increased minute ventilation was AKR/N > DBA/2 > BALB/c > C3H/He > A/J > C57BL/6 > 129sv > NZW > SWR/J (Adachi et al. 2006) . AKR/N showed the highest hypoxic ventilatory response, whereas SWR/J showed the lowest responses. In contrast, no differences in the hypercapnic ventilatory response were detected (Adachi et al. 2006) . Interestingly, bw mice showed the augmented responses to either hypoxia or hypercapnea (Takeda et al. 2007) ; the degree of increases was greatest among the nine mouse strains examined (Adachi et al. 2006; Takeda et al. 2007) . Taken together, these results suggest that bw mice are altered in chemosensing probably at the central respiratory controller, including the nucleus tractus solitarius, which represents the first synapse site of the cardiopulmonary reflex afferents (Mizusawa et al. 1994; Ogawa et al. 1995; Tabata et al. 2001) . It should be noted that the function of the peripheral chemosensors, such as the carotid body, is not impaired in bw mice. It is therefore conceivable that a certain melanocyte-derived factor, such as L-PGDS and PGD 2 , may have influenced the development of the central chemosensitivity (Fig. 9) . Alternatively, other target gene of MITF may be involved in the central respiratory controller. In this context, Mitf-M mRNA is detected in the whole brain of bw mice, as judged by the analysis with reverse transcription-polymerase chain reaction (Takeda et al. 2007 ). In the central nervous system, melanocytes are distributed on the leptomeninges of the entire human brain (Goldgeier et al. 1984) . Leptomeningeal pigment cells were found over the ventrolateral surfaces of the medulla oblongata.
Pro-opiomelanocortin and endogenous opioids
Opioids are well-known respiratory depressants, and their receptors are located in the nuclei that are active in sleep regulation (Wang and Teichtahl 2007) . The augmented ventilatory responses to hypoxia and hypercapnia in bw mice are reminiscent of the depressed ventilatory responses seen in humans treated with morphine; namely, acutely administered morphine decreased ventilatory responses to hypoxia and hypercapnia in normal subjects (Weil et al. 1975) . Moreover, patients with heroin addiction, who were treated with methadone, a long-acting μ -opioid agonist, showed blunted hypercapnic ventilatory response, whereas they showed augmented hypoxic ventilatory response (Teichtahl et al. 2005) . The differential effects of methadone suggest that the brain contains the distinct chemosensors for hypoxia and hypercapnea (Fig. 9) .
In human melanocytes, β -endorphin, an endogenous opioid, is generated from proopiomelanocortin (Slominski, 1998; Slominski et al. 2004) . β -Endorphin, α -MSH and ACTH are derived from the common precursor, pro-opiomelanocortin. Importantly, human epidermal keratinocytes and melanocytes express all of the enzymes required for pro-opiomelanocortin processing (Wood et al. 2006) . Likewise, corticotropin-releasing hormone (CRH) is expressed in human epidermal melanocytes (Slominski et al. 1995) . Human CRH consists of 41 amino acid residues and plays a central role in the hypothalamic-pituitary-adrenal axis (Shibahara et al. 1983) . In fact, human epidermal melanocytes express a functioning β -endorphin/μ -opiate receptor system (Kauser et al. 2003) . It is therefore tempting to speculate that the lack of melanocytederived opioids may lead to the augmented ventilatory responses in bw mice.
Future directions Does the melanocyte regulate sleep?
A series of pioneering studies by Hayaishi, Urade and colleagues have established that PGD 2 , generated by L-PGDS, is a potent sleep-inducing substance Huang et al. 2007 ). In fact, it has been shown that L-PGDS and PGD 2 are involved in the regulation of sleep in mice (Pinzar et al. 2000; Qu et al. 2006) . We therefore suggest the possibility that L-PGDS and PGD 2 may be involved in the complex regulatory network for the ventilatory response (Fig. 9) . In this contetx, opioids receptors are located in the nuclei that are active in sleep regulation, and the opioid use tended to reduce rapid eye movement sleep and slow wave sleep (Wang and Teichtahl 2007) . We therefore suggest the possibility that melanocytes may be involved in the complex regulatory network for sleep and awake (Fig. 9) . The authors are currently analyzing the behavior of bw mice.
Is the serotonin receptor a target of RNA editing in the human melanocytes?
RNA editing is a posttranscriptional modification of RNA, which results in nucleotide deletion, insertion and base conversion. RNA editing therefore generates diversity in products from a single gene. Double-stranded RNA-specific adenosine deaminase (DSRAD), also named RNAspecific adenosine deaminase (ADAR1), catalyzes the deamination of adenosine to inosine in double-stranded RNA substrates (O'Connell et al. 1995; Wang et al. 1995; Bass and Weintraub 1988; Wanger et al. 1989) , resulting in alterations of codons or the creation of alternative splicing sites (Rueter et al. 1999) .
Dyschromatosis symmetrica hereditaria (DSH, reticulate acropigmentation of Dohi, OMIM#127400) is pigmentary genodermatosis of autosomal dominant inheritance, and is characterized by hyper-and hypo-pigmented macules distributed on the dorsal portions of the hands and the feet (Ito 1950; Oyama et al. 1999) . By a genome-wide search in three Japanese families with DSH, Tomita and coworkers (Miyamura et al. 2003) have mapped the DSH locus to chromosome 1q21.3 and identified a disease gene as DSRAD. A nonsense mutation in either a dsRNA-binding domain or the putative deaminase domain was found in the families with DSH (Miyamura et al. 2003) . Thus, a rare skin disease led Miyamura et al. (2003) to discover an unexpected link between RNA editing and a pigmentary disorder.
The two target genes for DSRAD have been well characterized, including ionotropic glutamate receptor (Higuchi et al. 1993; Lomeli et al. 1994) and the serotonin receptor 2C subtype in the brain (Burns et al. 1997) . These genes are expressed in neurons, although DSRAD is expressed ubiquitously (O'Connell et al. 1995) . It is noteworthy that serotonin has been shown to influence melanin production in human skin and growth potential of human melanoma cells (Slominski et al. 2002 (Slominski et al. , 2005 . Incidentally, DSRAD has been identified as a component of the epidermal differentiation complex that is important for the maturation of the human epidermis (Marenholz et al. 2001) . Thus, the correct adenosine-to-inosine RNA editing is required for the maintenance of epidermal melanocytes. These observations provide new insight into the regulation of melanocyte development and melanocyte-kerationocyte interactions.
Does L-PGDS regulate prostanoids biosynthesis by modulating heme catabolism?
It should be noted that L-PGDS specifically binds biliverdin and bilirubin with the dissociation constants of 33 and 37 nM, respectively (Beuckmann et al. 1999) . The affinities of L-PGDS for these bile pigments are higher than those for thyroid hormones and retinoids. These ligands also inhibited the catalytic activity of L-PGDS in a concentration-dependent manner (Beuckmann et al. 1999) . We are particularly interested in the regulatory link between L-PGDS and bile pigments. Biliverdin and bilirubin are produced during the physiological heme degradation (Fig. 10) , which is catalyzed by heme oxygenase (Sassa and Shibahara 2003; Shibahara 2003) . There are two structurally related isozymes of heme oxygenase: heme oxygenase-1, an inducible isozyme, and heme oxygenase-2, a constitutively expressed isozyme. The two isozymes catalyze the same reaction of heme breakdown, resulting in the release of biliverdin, carbon monoxide (CO), and iron. Biliverdin is immediately converted by biliverdin reductase to bilirubin in mammals. An individual nucleated cell must synthesize and degrade heme, an essential molecule for life (Taketani 2005; Satarug et al. 2006) . Thus, all nucleated cells, including melanocytes and keratinocytes, produce bilirubin, which is secreted into the blood and transported to the liver for excretion into bile. Bilirubin serves as a physiological antioxidant but also represents a toxic waste product; the good and bad aspects of bilirubun are seen in neonatal hyperbilirubinemia, also known as physiologic jaundice (Sassa and Shibahara 2003) .
PGD 2 is spontaneously dehydrated to generate 15-deoxy-D 12,14 -PGJ 2 (15d-PGJ 2 ) (Fig. 6 ), which is a naturally occurring endogenous ligand for the nuclear receptor, peroxisome proliferatoractivated receptor-γ . 15d-PGJ 2 was reported to induce the expression of heme oxygenase-1 (Gong et al. 2002) . Thus, L-PGDS may contribute to the appropriate expression of heme oxygenase-1 through 15d-PGJ 2 (Fig. 10) . In fact, overexpression of heme oxygenase-1 reduced the levels of PGE 2 (Quan et al. 2002) and the cyclooxygenase activity in cultured cells (Haider et al. 2002; Quan et al. 2002) . As cyclooxygenase is a hemecontaining enzyme, the regulatory link between heme oxygenase and cyclooxygenase has been postulated (Mancuso et al. 2006) . Here, we suggest that L-PGDS may be involved in the feedback regulation of cyclooxygenase by restricting the availability of heme (Fig. 10) . Such a regulatory network for the maintenance of intra-cellular heme level is of significance in melanocytes and other cell types expressing L-PGDS.
Concluding Remarks
We have a longstanding interest in the molecular basis of stress responses and the defense mechanisms against hypoxia, and have been working on the two major pigment systems: heme and melanin. The goal of our research is to understand the basic processes of hypoxic response, which will allow us to develop the effective treatments for disorders that are related to hypoxia, such as atherosclerosis, coronary artery disease, ventilation-perfusion mismatching, and sleep apnea syndrome.
The study on bw mice has led us to recognize L-PGDS as a melanocyte marker. Unexpectedly, bw mice show the augmented ventilatory responses to hypoxia and hypercapnea, suggesting the altered function of central chemosensors. To the best of our knowledge, bw mice represent the first example that shows the augmented central chemosensitivity. The bw mouse provides a good model for the study of central chemosensing. Because of the essential role of respiration for survival, the basic mechanism for central chemosensing is likely to be conserved in men and mice.
It is also important for pigment cell researchers to study the mechanisms regulating the function and survival of melanocytes, which will help understand the molecular events underlying pigmentary disorders, such as melasma and vitiligo. Melasma, known as mark of pregnancy, is a com- Fig. 10 . Proposed feedback regulation of prostanoids biosynthesis by L-PGDS. A naturally generated metabolite of PGD 2 , 15d-PGJ 2 , activates transcription of the HO-1 gene (Gong et al. 2002) . The expression level of HO-1 determines the intracellular heme level, which in turn may modulate the activity of cyclooxygenase (COX). Biliverdin, carbon monoxide (CO), and iron are released during the heme breakdown reaction catalyzed by heme oxygenase-1 (HO-1). Biliverdin is rapidly reduced to bilirubin. L-PGDS loses its catalytic activity, when bound to biliverdin or bilirubin (Beuckmann et al. 1999 ).
mon acquired symmetrical hypermelanosis seen on sun-exposed areas. In contrast, vitiligo, a hypopigmentation disorder, is associated with postnatal loss of melanocytes. The basic information concerning the growth or death of melanocytes will allow us to develop the treatment for melanoma, an aggressive cancer, unfortunately originated from magnificent melanocytes.
